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II. THE SIGNAL-FLOW GRAPH ANALYSIS OF TRANSFER-AND DRIVING-POINTFUNCTIONS OF GENERALSINGLE-OPAMPACTIVE RC NETWORKS
A. Voltage Transfer Functions Consider the general active network shown in Fig. 1 . It comprises a five-terminal RC network N and a differential-input opamp with open-loop gain A. Letting V,= V, -V,, and using the principle of superposition with respect to the voltage sources F and V,, the signal-flow graph of Fig. 2 is obtained. The transfer functions tjd and tmd are associated with the passive RC network N and are obtained from the definite admittance matrix [11] 
From (1) the forward transfer function tid results as (2) and the feedback transfer function tdis as Thus the zeros of T,,, are the zeros of the forward transfer function tid, the poles of T.,,, are the zeros of the feedback transfer function t,,,dis. This property has been used to find all possible zeros of a voltage transfer function obtainable with a given active network topology [12] .
B. Driving-Point Functions
The driving-point impedance of the network in Fig. 1 can be obtained in one of two ways. First, the network can be driven from a current source (sometimes referred to as a soldering-type entry [19] , [20] ) and the resulting input voltage then established. This corresponds to the signal-flow graph in Fig. 3(a) Fig. 4(a) ). The second method is to drive the network from a voltage source (sometimes referred to as a pliers-type entry [19] , [20] ) and to determine the input current. This corresponds to the signal-flow' graph in Fig. 3(b) . The resulting driving-point admittance is =Yii -&Ymi. Using Cramer's rule, the immittance and transfer functions required for the evaluation of (5) and (6) can be directly obtained from [y] in (1) . The resulting expressions, given in terms of the corresponding cofactors are listed in Table I . Note that tmdio and tmdis are the feedback transfer functions for the case that the input terminal i is open (i.e., driven from a current source) and shorted (i.e., driven from a voltage source), respectively. This distinction is not generally made in the computation of transfer functions since the voltage transfer function (i.e., driven from a voltage source) is usually of interest. Thus the function tmd occurring in connection with a transfer function is generally tmdjs.
Naturally, the driving-point functions can be obtained more easily using established methods such as that of Nathan [II] . However, the expressions obtained here are necessary in order to derive a useful property of drivingpoint impedances that is valid for any structure resembling that given in Fig It states that the ratio of the driving-point impedance of a network with and without feedback (i.e., with x#O and x =O, respectively) is equal to the ratio of the return difference with respect to the feedback element x when the input terminal i is shorted and open, respectively. Applying this relation to the signal-flow graphs in Fig. 3 , we obtain z-FA(vi=O) = l-Atmdis 'r&is
An equivalent expression is obtained for yi/yii. From Table I we have 'In the present discussion the input terminals will refer to the input terminal i and ground. Thus with (8) and impedance formula 1 of Table I we obtain n&driven from voltage source) = n,,(driven from current source) ' (10) This expression states that the driving-point impedance at any terminal of a network of type given in Fig. 1 is determined by the zeros of the feedback transfer functions from the amplifier output to the differential input of the amp Iijier .
The zeros of the driving-point impedance are the zeros of the feedback function t& with the driving terminal shorted (voltage source at the input); the poles of the driving-point impedance are the zeros of the feedback function tmd with the driving terminal open (current source at the input).
Referring to the configuration in Fig. 1 , the zeros of the driving-point impedance at terminal i are the zeros of tmdis (see Fig. 4(b) ), the poles are the zeros of tdio (see Fig.  4(a) ). This property can be used to advantage in the design of driving-point impedances using well-proven active filter structures whose voltage transfer functions are known [21] . This will be illustrated in the next section. There are two basic driving-point impedance configurations which are of particular importance in the design of simulated LC filters using active RC networks. The first corresponds to a. grounded parallel combination (Fig.  5(a) ), the second to a grounded series combination (Fig.  5(b) ) of three elements. One of the three elements (designated S in Fig. 5 ) is a "simulated" element, i.e., it is an active RC network simulating a frequency-dependent component; the other two (elements E, and E2 in Fig. 5 
where j equals 0, 1, or 2, and the poles, which are defined by wP and qp, are complex conjugate. Similarly the series configuration, normalized with respect to R has the general form s2+ "-s+,i ('i>j= zsj (14) J B. The Two-Step Design of Driving-Point Impedances
In order to realize the six basic driving-point impedance configurations listed in Table II , we are free to select any type of network, as long as it belongs to the category represented by Fig. 1 . The selection of a suitable network should take into account such factors as circuit sensitivity to component variations and the number of components required. Furthermore, and for obvious reasons, the considerable experience accumulated in the design and development of single-amplifier building blocks providing second-order voltage transfer functions should be applicable also to the design of driving-point impedances. With this in mind, it is advisable to start out with a well proven basic active filter topology such as that shown in Fig. 6(a) , (b), or (c). Note that these networks are included in the basic topology of Fig. 1 . Starting out with each of .these topologies, whereby resistors and capacitors are inserted as they would be in the equivalent active filter building blocks, and augmenting them along the lines discussed in [21], any one of the impedance types listed in Table II can be obtained. In doing so we consider two additional design constraints, namely i) the active impedance should be canonic in terms of capacitors, i.e., only two capacitors should be used for a second-order impedance function and ii) the number of resistors should also be as low as possible.
C. A General Approach to Driving-Point Impedance Design
In the following we show how the driving-point impedance property derived in Section III can be used to design any one of the driving-point impedances listed in Table II . We start out with the generalized topology of Fig. 7 which includes the special network structures of Fig. 6 . In particular the topologies of Fig. 6(a) and (b) are included here: with the upper opamp signs we have the augmented version of Fig. 6(b) , with the lower signs the augmented version of Fig. 6(a) . Using this generalized topology, only one analysis is necessary; any impedance in Table II 
Note that the polarity of the input terminals of the opamp does not influence the expression for the driving-point impedance. However, for any given impedance realization only one polarity is permissible for the opamp. It is determined by the stability of the network, and depends on the basic topology (e.g., Fig. 6(a) (b) ) from which the network in question evolved. Considering the design of the zeros of Zi first, we can simplify N(s) considerably by setting certain admittances to zero (i.e., removing them) or to infinity (i.e., shorting them). However, the number of possible realizations is still enormous, even if we take into account our two constraints i.e., i) canonic in C and ii) minimum number of resistors. With the aid of our "impedance property" discussed in Section III we can now proceed expeditiously nevertheless. Referring to Fig. 7 we assume that the input terminal of the driving-point impedance is to be driven from a voltage source. With respect to the feedback function tmd this implies a shorted input terminal during operation of the network, i.e., we are concerned here with tmdis. In these circumstances, setting the admittance b equal to zero means that there is feedback to only one of the opamp input terminals. Then it is easy to see that a low-, high-, or bandpass feedback function tdjs will provide a term aO, a,s, or a2s2 in the numerator of Zi. Thus we obtain a numerator associated with a parallel impedance configuration (see (13)). Using (17) and (19) it is then a simple matter to select the remaining admittance values such that the desired complex conjugate poles of Z, are obtained. Proceeding in this manner, the parallel impedance configurations given as networks l-10 in Table III   HORN AND MOSCHYIZ:   DESIGN OF DRIVING-POINT  IMPEDANCES   27   TABLE III  SOME PRACTICAL IMPEDANCE It is interesting to note that networks l-3 can be dimensioned such that they provide the components L (network I), M (network 2), and D (network 3) by themselves. Thus these three networks are perhaps the most universal of the networks given in Table III, in that, among others, the six parallel and series impedance configurations of Table II can be obtained merely by adding the elements (i.e., E, and E, of Fig. 5 ) in parallel or series with the simulated element L, M, or D, respectively. It should be noted though, that the impedances thereby obtained are not necessarily canonical. For this reason some of the other networks may be preferable. In particular the series impedance configurations given as networks 1 l-16, which were obtained in a similar manner to networks l-10, are generally canonical and more economical of components than series configurations obtained from networks l-3. Networks 10 and 14 have been previously described in the literature ([ 161 and [lo] , respectively). Network 12 was obtained in a manner similar to the others, except that a different starting network topology (see Fig. 6(c) ) was used. In this connection it should be pointed out that numerous additional impedance networks can be obtained by starting with other topologies than those used here. From there on the method follows the procedure outlined above. Naturally, each starting topology must be part of the fundamental topology represented by Fig. 1 . In this regard, an obvious additional starting topology is the one shown in Fig. 6(c) ; it may be obtained from the topology of Fig. 6(b) by the complementary transformation [ 171.
In conclusion it may be useful to compare the method of driving-point impedance design described in this paper with ,the general method of driving-point impedance synthesis suggested by Sandberg [ 181. Certainly, Sandberg's synthesis method is more general, in that any impedance function of arbitrary order can be synthesized with it. However the resulting network will generally not be canonical, nor will it necessarily have a low resistor count. Moreover, since it is to be expected that active impedance networks of order higher than two (or three) will depend as critically on the open-loop amplifier gain as is known to be the case for conventional active filters, it is doubtful whether single-opamp active driving-point impedances of order higher than two or three are practically feasible. By contrast, the impedance design suggested in this paper uses active networks that are compatible with well proven active filter building blocks and, like the latter, may readily be optimized for minimum passive component sensitivity and minimum gain-sensitivity product [14] . Switzerland, in 1972 and 1978, respectively. He is presently with the Institute of Telecommunications, Swiss Federal Institute of Technology. + George S. received the MS. and Ph.D. degrees in electrical engineering from the Swiss Federal Institute of Technology, Zurich, Switzerland, in 1958 and 1960 , respectively. From 1960 to 1962 he was with the RCA Laboratories Ltd., Zurich, Switzerland, where he worked on color TV signal transmission problems. In 1963 he joined Bell Telephone Laboratories, Inc. Holmdel, NJ, where as Supervisor of the Active Filter Group in the Data Communications Laboratory he investigated methods of synthesizing hybrid-
